Introduction: Experimental evidence suggests a protective role for circulating 25-hydroxyvitamin D (25(OH)D) in breast cancer development, but the results of epidemiological studies have been inconsistent. Methods: We conducted a case-control study nested within two prospective cohorts, the New York University Women's Health Study and the Northern Sweden Mammary Screening Cohort. Blood samples were collected at enrollment, and women were followed up for breast cancer ascertainment. In total, 1,585 incident breast cancer cases were individually-matched to 2,940 controls. Of these subjects, 678 cases and 1,208 controls contributed two repeat blood samples, at least one year apart. Circulating levels of 25(OH)D were measured, and multivariate odds ratios (ORs) and 95% confidence intervals (CIs) were calculated using conditional logistic regression. 
Introduction
Experimental studies support a role for vitamin D in reducing the risk of breast cancer [1, 2] . Vitamin D, which is obtained from both dietary sources (food and supplements) and exposure to type B ultraviolet radiation, undergoes two hydroxylation steps before becoming biologically active [3] . 25-hydroxyvitamin D [25(OH)D], produced in the liver from the first hydroxylation, is the precursor of the biologically active form, 1,25(OH) 2 D, which is produced in the kidney as well as in target tissues, including the breast [4] . Circulating 25(OH)D is considered the best marker of vitamin D status because it reflects vitamin D obtained from both diet/supplements and sun exposure [5] and has a longer half-life than 1,25(OH) 2 D [6] . Vitamin D acts by binding to the vitamin D receptor (VDR), which is expressed in mammary tissue. The VDR controls the expression of genes regulating cell proliferation, differentiation, and apoptosis [1, 7] .
The results of epidemiologic studies examining the association between circulating 25(OH)D levels and breast cancer risk have been inconsistent. Seven prospective studies reported no association overall [8] [9] [10] [11] [12] [13] [14] , whereas three reported a significant or marginally significant inverse association [15] [16] [17] . Some significant findings emerged from the results of subgroup analyses, although the subgroups of women for whom these associations were observed were not consistent across studies. The Nurses' Health Study observed a stronger protective effect of plasma 25(OH)D on breast cancer risk for women who were 60 years old or older [16] , whereas the French E3N cohort observed a stronger effect in women who were less than 53 years old at enrollment [15] . In the Nurses' Health Study II, which consists primarily of pre-menopausal women, no association was observed overall between plasma 25(OH)D levels and breast cancer risk, and a positive, rather than an inverse, association was observed among women who were overweight or obese, the latter of which is defined as a body mass index (BMI) of at least 30 kg/m 2 [13] . Recent reviews have concluded that there is insufficient evidence to recommend vitamin D supplementation for the prevention of breast cancer but that additional research in humans is needed [3, 18, 19] . The purpose of our study was to examine the association between prediagnostic circulating levels of circulating 25(OH)D and breast cancer risk in a case-control study nested within two prospective cohorts: the New York University Women's Health Study (NYUWHS) and the Northern Sweden Mammary Screening Cohort (NSMSC). A unique feature of this study, the largest prospective study to date, was the availability of two 25(OH)D measurements from blood samples donated a minimum of one year apart for a large proportion of the study subjects, allowing us to estimate with good precision the temporal reliability of 25 (OH)D, and factors that affected it, in the two cohorts.
Materials and methods

Study population
Descriptions of the NYUWHS and the NSMSC have been provided previously [20, 21] . Briefly, the NYUWHS cohort enrolled 14,274 healthy women (34 to 65 years old) at a mammography screening clinic in New York City between 1985 and 1991, and the NSMSC enrolled, between 1995 and 2006, approximately 28,800 women (40 to 69 years old) who are participating in a population-based breast cancer screening program in Västerbot-ten County, Sweden. After written informed consent was obtained from all study participants, information on demographic and anthropometric variables, medical and reproductive history, family history of breast cancer, and lifestyle factors, including diet, was collected through baseline or subsequent questionnaires or both. Venous blood was collected at enrollment, processed according to standard procedures by the respective cohorts (serum for NYUWHS and plasma for NSMSC), and stored at -80°C. Additional blood samples were collected from women who returned for screening. This study was approved by the Institutional Review Board of the New York University School of Medicine, the Regional Ethics Committee of the University of Umeå, Sweden, and the Swedish Data Inspection Board.
Case ascertainment and control selection
For the NYUWHS, incident cases of invasive breast cancer were identified by mailed questionnaires or follow-up telephone interviews every 2 to 4 years after 1991, supplemented by linkages to state cancer registries in New York, New Jersey, and Florida and the US National Death Index. Medical records were reviewed to confirm self-reported cases. Using a capture-recapture analysis, we estimated that combining active and cancer registry-based follow-up resulted in a breast cancer ascertainment rate of 95% [22] . For the NSMSC, annual linkages to the Swedish National Cancer Registry were used to identify incident cases of breast cancer in the cohort. As of 1 January 2007 for the NYUWHS and 1 January 2010 for the NSMSC, a total of 1,645 incident cases of invasive breast cancer (909 in the NYUWHS and 736 in the NSMSC) had been identified. In the NYUWHS, 16 cases (3%) were excluded because they had a low serum balance. In the NSMSC, 44 cases (6%) were excluded for the following reasons: 26 had low plasma balance, 13 had their plasma reserved because of a subsequent diagnosis of a rarer cancer or other disease, 3 had insufficient volume for laboratory measurement, and 2 had both matched controls excluded for one of the reasons above. The present study included a total of 1,585 incident breast cancer cases (893 from the NYUWHS and 692 from the NSMSC).
Each case was matched to two controls who were selected from the respective cohort by using incidencedensity sampling. Matching factors included age at enrollment in the study (± 6 months), date of enrollment/first blood donation (NYUWHS: ± 3 months; NSMSC: ± 1 month), and number (1, 2+) and dates of subsequent blood donations. For the NYUWHS, matching factors also included menopausal status (pre-or postmenopausal) at enrollment and race/ethnicity (Caucasian, African-American, other, or unknown). The vast majority of women in the NSMSC were Caucasian. Initially, women were not matched on menopausal status in this cohort; however, 88% of the cases had at least one control matching on this factor (pre-and peri-menopausal combined or post-menopausal). In total, 2,940 controls were included in the final analysis (1,642 in NYUWHS and 1,298 in NSMSC).
For 678 matched sets (413 in NYUWHS and 265 in NSMSC), two blood samples were analyzed for 25(OH)D. For participants who had donated more than two blood samples, the first and last samples collected before the relevant case's diagnosis were selected.
Laboratory methods
Circulating 25(OH)D was measured by Heartland Assays, Inc. (Ames, IA, USA) by using a direct competitive chemiluminescence immunoassay by using the DiaSorin LIAISON platform (DiaSorin, Inc., Stillwater, MN, USA) [23] . The assay, which is appropriate for either serum or plasma, is co-specific for 25-hydroxyvitamin D 3 and 25-hydroxyvitamin D 2 . All samples, including repeat samples, from a case and her matched controls were analyzed together in the same laboratory batch to minimize laboratory variability. Laboratory personnel were blinded to case-control status of the study samples. Samples from quality-control pools (6% of total samples) were masked and inserted randomly in the batches. The intra-and inter-batch coefficients of variation (CVs) were 9.5% and 11.4%, respectively, for NYUWHS and 7.4% and 9.0%, respectively, for NSMSC.
Estrone was measured by double-antibody radioimmunoassay with reagents from Diagnostic System Laboratories (Webster, TX, USA) at the Laboratory for Hormone Analyses at the International Agency for Research on Cancer, France, for post-menopausal women who were not using hormone replacement therapy (HRT). Intra-and inter-batch CVs were 6.7% and 12.6%, respectively [24, 25] .
Statistical analysis
We examined the temporal reliability of circulating 25(OH) D by using the intraclass correlation coefficient (ICC). In addition to calculating the overall ICC, we calculated ICCs according to time (years) between sample donations and according to season, for each cohort separately.
Conditional logistic regression was used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for the associations of subject characteristics and circulating 25(OH)D with risk of breast cancer. We conducted analyses separately for each cohort as well as combining them. Because there was no evidence of cohort heterogeneity, most results are presented for the combined cohorts. 25(OH)D concentrations were log 2 -transformed to reduce departure from the normal distribution and were included in the model in one of three ways. First, we computed season-adjusted residuals to take into account the known variations of 25(OH)D with season [3] . For each 25(OH)D measurement, the residual was the difference between the observed 25(OH)D value and the value predicted for this day of the year, which was obtained by using a non-parametric local regression (Proc LOESS; SAS Institute Inc., Cary, NC, USA) with 25(OH)D as the dependent variable and day of the year of blood donation as the independent variable [26] . This regression model was run separately for each cohort by using all available 25(OH)D measurements (that is, including repeat samples). We conducted analyses by using cohort-specific season-adjusted quintiles based on the distribution of the residuals in controls. Second, we ran analyses with season-adjusted residuals on the continuous scale. All analyses based on residuals were conducted by using first (that is, baseline) samples only. Finally, we examined the association of circulating 25(OH)D with breast cancer risk by using pre-specified categories of 25 (OH)D levels, which were defined by using cut-points recommended by the Institute of Medicine: less than 50 (inadequate), 50 to 74 (adequate), and at least 75 nmol/L (adequate to high) [3] . These analyses were conducted separately for 'winter' and 'summer', which were defined by examining the unadjusted 25(OH)D levels in controls within each cohort. Winter included the months of January to April, when mean levels were low (48.1 to 51.2 nmol/L), and summer included the months of July to September, when mean levels were high (62.0 to 68.0 nmol/L). There was little variation in mean level from month to month within each of these two seasons. Subjects who had measurements in both winter and summer were included in both season-specific analyses to increase the sample size. Because there was no difference in the main study findings between conditional logistic regression models and unconditional models adjusting for the matching factors and because using conditional regression resulted in the loss of matched sets with samples collected in different seasons for the case and her controls, unconditional logistic regression was used for the season-specific analyses. In analyses by quintiles and pre-specified categories, tests for trend were performed by using an ordered categorical variable. Tests for heterogeneity were carried out by comparing models that included interaction terms to models that excluded them or by using Cochran's Q statistic.
In each of the two cohorts, multivariate linear regression analyses were conducted among the controls to explore associations of potential confounders with 25 (OH)D. BMI was found to be a negative predictor of 25 (OH)D, whereas multivitamin supplement use and past use of HRT were positive predictors in both cohorts. Caucasian race and physical activity were also positive predictors of 25(OH)D in the NYUWHS, and alcohol consumption was a negative predictor in the NSMSC. Covariates in the final multivariate models included the following known breast cancer risk factors: age at menarche (continuous), age at first birth/parity (not more than 20, 21 to 15, 26 to 30, more than 30 years, nulliparous), family history of breast cancer (no or yes), BMI (continuous), past HRT use (never or ever), and alcohol consumption. It is debatable whether to control for outdoor physical activity and multivitamin use, which have been associated with higher levels of circulating 25(OH)D [27, 28] since these variables may influence breast cancer risk through their effect on 25(OH)D levels. However, these factors may affect breast cancer risk through other mechanisms [29] , in which case they could act as possible confounders in analyses of 25(OH) D and breast cancer risk. Therefore, in addition to presenting models adjusting for the factors listed above, we present results adjusting for physical activity and multivitamin use (no or yes). In the NYUWHS, physical activity was expressed as metabolic equivalent of taskhours per week (MET-hours/week) from walking and vigorous exercise, and women were classified into tertiles. In the NSMSC, women were classified as inactive, moderately active, or active by combining data on physical activity at work and frequency of walking, biking, and exercising. Baseline data were used for all variables except HRT in the NYUWHS, which represented use up to the date of diagnosis (or index date for controls).
We performed multiple imputation by using fully conditional specification [30] for the following covariates with missing data: alcohol consumption (23%), physical activity (23%), multivitamin use (18%), HRT use (6%), age at menarche, parity, age at first full-term pregnancy, and BMI (all with not more than 2% missing data). We compared analyses including all subjects and imputed data for covariates to analyses including only subjects with no missing data (complete case method). Because results from both analyses were similar, we present only the analyses that included all subjects and imputed data.
We conducted stratified analyses by using conditional logistic regression for the following variables: age at enrollment, lag-time between blood donation and diagnosis, and estrogen receptor (ER) status. In order not to lose the matched sets in which a case and her controls were discordant, unconditional logistic regression, adjusted for cohort and age at blood sampling, was performed for the following variables: menopausal status, BMI, circulating estrone levels (for post-menopausal women only), and insulin-like growth factor 1 (IGF-I) levels. Tertiles were used for the IGF-1 analysis because of the limited number of women for whom IGF-1 had been measured (193 cases and 269 controls from the NYUWHS only). Finally, we performed an analysis limited to Caucasians (90% of subjects). All significance testing was two-sided, and a P value of less than 0.05 was considered statistically significant.
Results
Descriptive statistics for the breast cancer cases and their matched controls are presented in Table 1 . Mean age at enrollment was 54 years for both cases and controls. Cases were diagnosed an average of 8.7 years after blood donation. Established risk factors for breast cancerincluding younger age at menarche, nulliparity, older age at first full-term pregnancy, and having a first-degree family history of breast cancer -occurred more commonly in cases. Cases were more likely to report having used HRT. BMI was significantly different between cases and controls in post-menopausal women, among whom a greater proportion of cases were overweight and obese. Among the 77% of cases for which receptor status was known, 78% of tumors were ER-positive.
For women who donated more than one blood sample, the average time between sample donations was 2.1 years in the NYUWHS and 4.4 years in the NSMSC. Overall, the temporal reliability of 25(OH)D was good (ICC = 0.65, 95% CI 0.61 to 0.69 for NSMSC and 0.78, 95% CI 0.76 to 0.80 for NYUWHS) and improved for NSMSC when seasonadjusted residuals were used (ICC = 0.71, 95% CI 0.67 to 0.74) ( Table 2 ). The ICC for the NYUWHS was not changed by seasonal adjustment, because women in the NYUWHS generally returned to the screening center and donated a blood sample at the same time each year. We observed that the ICC decreased as time increased between sample donations, although this trend did not appear to extend beyond the first 8 years. For the NSMSC, the season-adjusted ICCs were 0.56 (95% CI = 0.42 to 0.68) for samples collected 5 to 8 years apart (n = 113 subjects) and 0.63 (95% CI = 0.51 to 0.74) for samples collected between 8 and 11.7 years apart (n = 106 subjects). For both cohorts, the ICC was substantially lower when one sample was donated in the winter and the other one in the summer months (ICC = 0.47, 95% CI = 0.29 to 0.61 for NSMSC, n = 92; ICC = 0.66, 95% CI = 0.50 to 0.77 for the NYUWHS, n = 68). Table 3 In analyses using pre-specified categories of circulating 25(OH)D (not adjusted for season), we observed no association with breast cancer risk for samples taken either in the winter, when more than half of the subjects had levels below 50 nmol/L, or in the summer, when more of the subjects had levels more than 75 nmol/L (Table 4) . A suggestive protective effect was observed for women in the NYUWHS who donated blood in the summer months (OR = 0.69, 95% CI = 0.45 to 1.07, P trend = 0.10 for concentrations of at least 75 versus less than 50 nmol/L), but no such association was observed in the NSMSC. Table 5 shows the results of subgroup analyses. Higher circulating 25(OH)D was associated with a decreased risk of breast cancer among women who were pre-menopausal at blood donation (OR Q5-Q1 = 0.67, 95% CI = 0.48 to 0.92, P trend = 0.03) but not among those who were post-menopausal (OR Q5-Q1 = 1.21, 95% CI = 0.92 to 1.58, P trend = 0.67, P interaction = 0.05). A similar protective effect was observed for women who were not more than 45 years old at blood donation (OR Q5-Q1 = 0.48, 95% CI = 0.30 to 0.79, P trend = 0.01, P interaction = 0.08). There was no evidence of effect modification by ER status of the tumor, lag-time between blood sampling and diagnosis, BMI, or circulating estrone levels. Results of the analysis limited to Caucasians were similar to those of the analysis that included all subjects.
When we examined the association of 25(OH)D with breast cancer risk by IGF-1 levels at baseline, the ORs for the third tertile were 0.62 (95% CI = 0.30 to 1.28) in the below-median stratum and 0.79 (95% CI = 0.39 to 1.62) in the above-median stratum. The test for interaction between IGF-1 and 25(OH)D on the continuous scale was not statistically significant (P = 0.61). 
Discussion
In this case-control study nested within two cohorts, we did not observe an association between circulating 25(OH) D and breast cancer risk overall. We observed an inverse association between 25(OH)D and breast cancer risk in the subgroups of women who were not more than 45 years old or pre-menopausal at blood donation, although the test for interaction was significant only for menopausal status. Because of substantial overlap, we were not able to sort out whether younger age or pre-menopausal status was driving the association.
Epidemiologic studies on vitamin D and breast cancer risk have been reviewed recently [31, 32] . Traditional case-control studies [33] [34] [35] [36] [37] [38] [39] with blood samples collected after breast cancer diagnosis have found inverse associations between circulating 25(OH)D and breast cancer risk. However, changes in lifestyle, particularly physical activity, following breast cancer diagnosis and treatment may affect circulating 25(OH)D, and associations observed in these studies therefore may not reflect prediagnosis associations [32] . Among the 10 prospective studies published to date, eight reported no association overall [8] [9] [10] [11] [12] [13] [14] , one reported a marginally significant inverse association [16] , and one reported a significant inverse association [15] .
In regard to younger and pre-menopausal women, data from prospective studies are more limited since eligibility in some of the largest studies was restricted to older women [8] [9] [10] . Among the five prospective studies that reported results in younger or pre-menopausal women or both, four reported no association [11] [12] [13] 16] . In the largest of the four studies, the Nurses' Health Study II, which collected blood in relatively young (age range of 32 to 54 years), mostly pre-menopausal women, a large number of whom were still pre-menopausal at diagnosis (294 cases), the multivariate-adjusted OR associated with the top quintile of 25(OH)D was 1.19 (95% CI = 0.77 to 1.84, P trend = 0.51). The French E3N cohort, though, reported a significant inverse association in women who were younger (< 53 years old) at blood donation, results consistent with ours, and also observed a non-significant protective association in the smaller subgroup of women who were pre-menopausal at diagnosis. The investigators suggested that vitamin D may act by inhibiting the tumor growth-stimulating effects of IGF-1 [15] . Because IGF-1 levels decrease with age, a stronger anticarcinogenic effect of vitamin D would be expected in younger/pre-menopausal women. However, our analysis stratifying directly by IGF-1 level did not support this hypothesis, although the sample size was limited.
A protective effect of vitamin D on breast cancer would also be expected to be stronger in pre-menopausal women if vitamin D acts by inhibiting estrogen-stimulated breast cell proliferation [40] , since estrogen levels are much higher before menopause. However, we found no evidence that the effect of vitamin D varies according to estrone levels in post-menopausal women, in spite of the strong positive association between estrone and breast cancer risk in our study. Moreover, 25(OH)D was not associated with either ER-positive or ER-negative breast cancer, and this is consistent with results from other prospective studies of 25(OH)D that found no difference by ER status [10, 13] .
Too few subjects had very high concentrations of 25 (OH)D for us to be able to examine the association of concentrations of at least 100 nmol/L with breast cancer risk. However, the lack of dose response in the less than 50 to at least 75 nmol/L range (Table 4) suggests that a true association would have to be of the threshold type, a hypothesis for which there is little biological support. A linear dose-response association at levels of not more than 75 nmol/L has been observed for colorectal cancer, the one type of cancer for which there is consistent evidence of a protective effect of vitamin D [41] .
Several factors that are associated with breast cancer risk are also associated with circulating 25(OH)D and therefore could confound the 25(OH)D-breast cancer association [42] . Dark skin, higher BMI, and lower physical activity have been repeatedly found to be associated with lower levels of 25(OH)D, whereas associations between 25(OH)D and current use of HRT, vitamin supplements, and alcohol have been less consistent [28, 42, 43] . The importance of taking into account these lifestyle factors was demonstrated in the Women's Health Initiative study, in which a significant inverse association of 25(OH)D with breast cancer risk was attenuated and became non-significant after adjustment for BMI and physical activity [42] . In our study, we matched on race/ethnicity (a surrogate for dark skin) and also conducted analyses limited to Caucasians, and this gave results similar to the analyses that included all races. As shown in Tables 3, 4 , and 5, adjusting for BMI, HRT use, physical activity, and multivitamin use had very little effect on the ORs. Residual confounding is possible, particularly by physical activity, for which we classified women in one of three categories and data were missing for 11% in the NYUWHS and 38% in the NSMSC. However, an analysis limited to the subjects for whom physical activity was available showed very similar results, as did an analysis adjusting for MET-hours per week as a continuous variable in the NYUWHS (data not shown). Another potential source of confounding is breast cancer screening frequency, as screening visits that are more frequent could result in earlier diagnosis of breast cancer or correlate with other health-conscious behaviors leading to higher 25(OH)D status. However, because blood donations occurred at the time of mammographic screening visits, number of blood donations can be considered a proxy for mammographic screening frequency. We matched on number of blood donations in the NYUWHS, whereas in the NSMSC, although we did not match on this variable, 59% of cases had at least one control who matched exactly on the number of blood donations, and 89% of cases had at least one control who matched within ± 1 blood donation. We therefore believe that confounding by screening history is unlikely in our study.
We used residuals obtained by local regression to take into account seasonal variation. This method has been used only rarely in studies of 25(OH)D [44] , although it has been used in epidemiologic analyses of other biomarkers with temporal variation (for instance, hormones known to vary during pregnancy) [45, 46] . In our study, when the residual method was used, the exposure value for each woman was the difference between the absolute level observed for this woman and the projected mean of 25(OH)D for this day of the year (reference day). A positive residual indicated that a woman had a higher-than-average level at this time of the year, whereas a negative residual indicated a lower-than-average level. The projected mean was calculated by using all samples collected in the same cohort on the reference day, as well as samples taken on neighboring days, with progressively decreasing weights given to samples collected further away from the reference day. This method, therefore, seems well suited to take into account the gradual changes observed during the shoulder seasons, when levels progressively increase (spring) or decrease (fall).
Strengths of this study include its prospective design, inclusion of two cohorts with different diet and sun exposure, and large sample size. This is also the first study to include repeat blood samples on a large number of women. The repeat samples enabled us to assess temporal reproducibility and gave an indication of the potential impact of ignoring seasonal variation when studying the association of circulating vitamin D with disease risk. The lower ICCs observed when samples were collected in different seasons, compared with the same season, highlight the importance of taking season into account in the study design or analysis or both, as other studies have concluded [47] . The ICC of 0.63 for samples collected 8.0 to 11.7 years apart in the NSMSC compares well with the ICCs of other biomarkers that have been linked to breast cancer risk, such as post-menopausal sex hormones. However, the ICC decreased with increasing time between blood donations, although this trend did not seem to extend beyond the first 8 years. This observation underlines that a single measurement of 25(OH)D is an imperfect reflection of vitamin D status over the long time period during which breast cancer develops. Thus, the association of vitamin D status with breast cancer risk may have been underestimated because of random error in measurement of the true exposure of interest (that is, the long-term average level of 25(OH)D). Another limitation of our study is the relatively small number of subjects with very high levels of circulating 25(OH)D (≥ 100 nmol/L).
Conclusions
This large prospective study does not support a relationship between circulating 25(OH)D and risk of breast cancer, except possibly in younger women. These results add to a growing body of evidence from prospective studies and randomized trials that suggests that higher vitamin D levels do not reduce breast cancer risk. Recommendations in regard to vitamin D supplementation should be based on considerations other than breast cancer prevention, such as bone health. 
